Replisomes are the protein assemblies that replicate DNA. They function as molecular motors to catalyze template-mediated polymerization of nucleotides, unwinding of DNA, the synthesis of RNA primers, and the assembly of proteins on DNA. The replisome of bacteriophage T7 contains a minimum of proteins, thus facilitating its study. This review describes the molecular motors and coordination of their activities, with emphasis on the T7 replisome. Nucleotide selection, movement of the polymerase, binding of the processivity factor, unwinding of DNA, and RNA primer synthesis all require conformational changes and protein contacts. Lagging-strand synthesis is mediated via a replication loop whose formation and resolution is dictated by switches to yield Okazaki fragments of discrete size. Both strands are synthesized at identical rates, controlled by a molecular brake that halts leading-strand synthesis during primer synthesis. The helicase serves as a reservoir for polymerases that can initiate DNA synthesis at the replication fork. We comment on the differences in other systems where applicable. 
INTRODUCTION
The assembly of proteins that duplicate a chromosome is referred to as the replisome (1) (2) (3) . The concept of the replisome was slow to evolve in that, unlike other macromolecular assemblies in the cell, the affinities of many of the proteins are low and an association with DNA is frequently necessary for stability. The replisome is a dynamic structure with the continuous release and association of proteins as leadingand lagging-strand synthesis proceed. This dynamic nature provides a source for the replacement of either of the two polymerases in the event that they dissociate during synthesis of multi-kilobase-pair chromosomes, and it serves as an assembly platform for repair enzymes.
The major role of the replisome, however, is to coordinate the reactions mediated by the proteins of leading-and lagging-strand DNA synthesis. For example, the unwinding of DNA by the helicase to expose single-stranded templates occurs at the same rate as the polymerization of nucleotides by the polymerase. Thus, an association of the two proteins provides a mechanism by which they both proceed at the same pace. The complex process of replicating the lagging strand poses problems that can be solved by assembling the proteins within a replisome. It is advantageous to have the synthesis of both strands occur in close proximity to one another rather than at disparate sites in the cell. The multiple steps-recognition of primase sites, primer synthesis, transfer of primer to the polymerase, Okazaki fragment synthesis, dissociation of the polymerase, primer replacement and ligation-involved in lagging-strand synthesis would normally ensure that leadingstrand synthesis would outpace synthesis of the lagging strand. Yet both proceed at identical rates owing to protein associations and communication within the replisome. For example, primer synthesis on the lagging strand results in pausing of leading-strand synthesis, a result of communication between the primase and helicase (4) .
This review emphasizes the interactions that stabilize the replisome and that coordinate the events that assure the faithful duplication of a DNA molecule. Such a review is a Herculean task in that multiple viral, prokaryotic, and eukaryotic replication systems have been dissected, each with a different array of proteins. Nevertheless, a number of proteins and molecular motors essential to all replication systems have emerged. We have elected to focus on the replication system encoded by bacteriophage T7, a phage that infects Escherichia coli. The relatively large size of the T7 chromosome, 39,936 base pairs, enables it to encode all but one of its replication proteins (3) and thus bypass the more complex host replication system upon which smaller phages, such as M13 and φX174, are dependent. T7 has evolved an efficient and economical mechanism for DNA replication. However, essentially all the proteins and replication mechanisms uncovered in the T7 replication system are applicable to those of more complex organisms. A processivity factor for the DNA polymerase increases the number of nucleotides polymerized per binding event, a hexameric helicase unwinds the duplex, and a DNA primase synthesizes RNA primers for the initiation of the lagging-strand Okazaki fragments. A single-stranded DNA (ssDNA)-binding protein is essential for coordination. All of these activities are found in just four proteins that can be purified and reconstituted into a functional replisome (3) . The relatively few proteins involved have facilitated determination of their molecular structures, the visualization of leading-and lagging-strand DNA synthesis by single-molecule techniques, and the identification of protein interactions. When appropriate, we discuss the similarities and differences in the replication systems of E. coli and bacteriophage T4, both of which have been reviewed in this series (1, 2) .
OVERVIEW OF THE T7 REPLICATION
The cartoon in Figure 1 depicts the T7 replisome at a replication fork and illustrates the major molecular motors and contacts. On the leading strand, T7 DNA polymerase (gp5), the product of gene 5 of the phage, catalyzes the polymerization of nucleotides. This molecular motor undergoes multiple conformational changes as it moves from one template position to another and senses the correct fit of an incoming deoxyribonucleoside triphosphate (dNTP). Gp5, however, is a nonprocessive polymerase, catalyzing synthesis of only a few nucleotides per binding event. Thioredoxin (trx), the product of the trxA gene of E. coli, binds tightly to the thumb subdomain of gp5 and increases its processivity approximately 100-fold. Trx is the only host protein that is a part of the T7 replisome. Its interaction with gp5 illustrates one of the highest-affinity interactions among the replication proteins. The interaction with gp5 also creates docking sites for the other T7 replication proteins.
The gp5/trx complex polymerizes nucleotides processively on ssDNA templates but is unable to copy duplex DNA. The unwinding of the duplex DNA to create a ssDNA template for gp5/trx is accomplished by the helicase activity located in the C-terminal half of the T7 gene 4 protein (gp4). Gp4 assembles as a hexamer on the lagging strand and uses the energy of hydrolysis of dTTP to translocate unidirectionally 5 -3 on ssDNA; it unwinds the duplex DNA that it encounters. Gp4 itself is involved in many protein interactions. The assembly of the hexamer creates six nucleoside triphosphate (NTP)-binding sites at the interface of the subunits, and the hydrolysis of the nucleotide results in conformational changes that are conveyed to the central core through which the DNA passes. The transfer of the DNA from subunit to subunit most likely provides the Model of the replication fork of phage T7. The replisome consists of DNA polymerase (gp5), the processivity factor E. coli thioredoxin (trx), the hexameric helicase-primase (gp4), and the ssDNA-binding protein (gp2.5). The leading strand is extended continuously by a gp5/trx complex in association the helicase domain of gp4. The ssDNA (lagging strand) extruded behind the helicase is coated by gp2.5. The lagging strand aligns its polarity with the leading-strand DNA through a loop formation. Another gp5/trx complex, tethered to gp4, initiates the replication of Okazaki fragments (OF) using RNA primers ( green segment) synthesized by the primase domain of gp4.
The primase domain consists of two subdomains, a catalytic RNA polymerase, and a zinc-binding motif.
molecular motion for movement of the helicase. The helicase has a high affinity for the replicating DNA polymerase and provides the high processivity required for the replication of large chromosomes. In order for ssDNA, generated behind the moving helicase, to be replicated, it is necessary to periodically synthesize an RNA primer. Primer synthesis is catalyzed by the primase located in the N-terminal half of gp4. The tetraribonucleotides, synthesized at specific DNA sequences, are held in place until they are extended by a lagging-strand polymerase to generate Okazaki fragments several thousand nucleotides in length. Within the primase domain, there are two major subdomains, a Cys 4 zinc-binding motif that recognizes the specific sequences for primer synthesis and a catalytic site where phosphodiester bonds are formed. The zinc-binding motif and the catalytic site are separated by a flexible linker; the former can interact with the catalytic core to which it is attached or to that of the adjacent subunit.
The lagging strand folds back on itself such that the lagging-strand DNA polymerase can interact with the helicase. Thus, in the T7 replication system, the helicase plays a pivotal role in that it provides the binding site for both the leading-and lagging-strand polymerases. This association of the two polymerases enables both strands to be synthesized in the same overall direction, and synthesis of both strands now proceeds at identical rates. The folding of the lagging strand creates a replication loop of lagging-strand DNA that contains the nascent Okazaki fragment and the ssDNA extruded behind the helicase. These loops, visualized by electron microscopy or real time single-molecule techniques, form, grow, and resolve, generating Okazaki fragments of lengths of ∼1000 nucleotides (nt). These lengths are dictated by the timing of primer utilization that, in turn, is controlled by two molecular switches. Primer synthesis or completion of an Okazaki fragment can trigger the resolution of the replication loop and initiate synthesis of a new Okazaki fragment. Upon initiation of primer synthesis, the helicase halts movement lest leading-strand synthesis outpace that of the lagging strand. This brake mechanism is dependent on the interaction of the primase with the helicase.
Gene 2.5 ssDNA-binding protein is depicted as binding the exposed ssDNA on the lagging strand. However, its acidic C terminus, similar to that found on gp4, interacts with both gp5/trx and with the helicase. This interaction is essential for coordination of leadingand lagging-strand synthesis.
Although proteins in the T7 replisome are relatively few, there are a large number of interactions that provide the molecular motors and switches. All of the individual proteins have been crystallized, and their crystal structures have been determined. In addition, a snapshot of an actively synthesizing polymerase is available in the crystal structure of gp5/trx in complex with a primer-template and a dNTP. The structure of the full-length hexameric gp4 and those of the helicase and primase domains provide insight into the communication between the domains as well as the mechanism of translocation of the helicase on DNA.
DNA POLYMERASES AND PROCESSIVITY FACTORS
Replicative DNA polymerases, like all polymerases, catalyze a nucleophilic attack of the 3 -hydroxyl of the primer on the α-phosphate of a dNTP aligned to the template. They interact with other proteins within the replisome, interactions that are often facilitated by their multiple subunits. With few exceptions, they require a ssDNA template that is generated from the duplex parental DNA by a DNA helicase. Replicative DNA polymerases are incredibly accurate motors that restrict their forward movement to the incorporation of a correctly base-paired nucleotide. They select the correct nucleotide with an accuracy of one mistake for every 10 3 -10 5 nt incorporated. In the event that an incorrect nucleotide is incorporated, an associated proofreading exonuclease activity removes the incorrectly base-paired nucleotide. This proofreading capability enhances fidelity by more than 100-fold. Several reviews discuss the template-directed polymerization of nucleotides and the fidelity of nucleotide incorporation (see . Whereas the recognition of the proper nucleotide and its condensation provide for stability of the polymerase-DNA complex, the movement of the polymerase to the next position in the template provides an opportunity for the polymerase to dissociate from the DNA. To maintain a high affinity for the primer-template, the polymerase employs a processivity factor that interacts with both the DNA and the polymerase. In this section, we discuss the assembly of the polymerase and processivity factor as well as the mechanism of processive DNA synthesis.
Template-Directed DNA Synthesis by T7 Gene 5/Thioredoxin
The DNA polymerase (gp5), induced by the infection of E. coli with bacteriophage T7, is encoded by gene 5 of the phage (8) . This 80-kDa protein is found in phage-infected cells in a oneto-one complex with the 12-kDa trx encoded by trxA of E. coli (8) (9) (10) (11) (12) (13) (14) . The two proteins form a complex with a dissociation constant (K D ) of 5 nM (13). Gp5 has both polymerase and 3 -5 exonuclease activities. The exonuclease activity is active on ssDNA and double-stranded DNA (dsDNA). The association of trx with gp5 increases the processivity from 1 to 15 nt per binding event to several hundred (4, 14, 15) . The increase in processivity is manifest in a dramatic increase in the macroscopic rate of DNA synthesis, presumably attributed to the rate-limiting steps of polymerase dissociation and reassociation. Trx increases the exonuclease activity on dsDNA, also a consequence of increased processivity (14, 16, 17) .
The crystal structure of gp5 and trx bound to a primer-template with an incoming dNTP in Crystal structure of T7 gp5/trx bound to its primer-template and an incoming nucleotide (43) . DNA is shown as sticks with the template strand in black and the primer strand in gray. The polymerase is arranged as a right hand with the fingers contacting the incoming nucleotide and template strand, the thumb holding and positioning the primer-template strand, and the palm containing the DNA polymerization active site. The 3 -5 exonuclease proofreading active site in the exonuclease domain is located 30Å away from the polymerase active site. Trx binds to a 76-residue loop (TBD) located at the tip of thumb (in green). A rotation of the thumb including the TBD and trx is believed to shuttle the primer-template strand to the exonuclease active site for cleavage upon incorporation of a mismatched nucleotide.
the active site provides a snapshot of DNA polymerase in the polymerization mode (Figure 2 ) (18) . The stable complex was achieved by using a primer lacking a 3 -hydroxyl group and maintaining a high concentration of the next incoming nucleotide. The structure identifies it as a member of the DNA polymerase I (Pol I) (Figure 2 ) (14, (24) (25) (26) (27) . The selection of the correctly base-paired nucleotide is mediated by a slow conformational change in the polymerase active site that precedes each cycle of nucleotide incorporation. This rate-limiting step occurs after a nucleotide binds but before its incorporation (28) . The structure indicates that this rate-limiting step is mediated by a conformational change in the fingers subdomain between an open and closed state (18, 23, 29) . The open conformation allows the active site to sample nucleotides until the fingers close around a nucleotide that is correctly paired with a template base. When an incorrect nucleotide is incorporated, the primer-template is transferred a distance of nearly 30Å to the exonuclease active site for excision of the mismatched nucleotide. This partitioning of the DNA between the two sites has been characterized kinetically (28, (30) (31) (32) . However, a molecular characterization of the partitioning mechanism is difficult owing to the absence of a structure of T7 DNA polymerase with the primer strand in the exonuclease site. The structure of E. coli DNA Pol I bound to the primer strand in the exonuclease site reveals that several base pairs of the primer-template are melted to expose the 3 -terminal nucleotide for hydrolysis by the exonuclease (33) . Furthermore, the thumb is bound to the duplex portion of the primer-template. The role of this contact in partitioning the DNA between the two sites has been examined by comparing the structures of a bacteriophage RB69 polymerase with DNA bound at either the polymerase or the exonuclease sites (34, 35) . RB69 is a phylogenic variant of phage T4 with 65% sequence identity between the corresponding DNA polymerases; both belong to the Pol II family. The structures reveal that the tip of the thumb remains bound to the duplex portion of the primer-template when the primer strand is positioned in the exonuclease site. A rotation in the thumb is believed to guide the primer strand between the two sites.
E. coli Thioredoxin, the Processivity Factor for T7 Gene 5 Protein
Almost all DNA polymerases, or at least the polymerase subunit of multisubunit holoenzymes, have low processivity, dissociating from the primer-template after the incorporation of only a few nucleotides. Processivity is enhanced by the binding of the cognate processivity factor. The processivity factor for the DNA polymerases of the Pol II and Pol III superfamilies is a ring-shaped protein that tethers the polymerase to the DNA by encircling the duplex portion of the primer-template and by binding itself to the polymerase (1). In rare cases, the polymerase on its own can catalyze processive DNA synthesis; such is the case for the DNA polymerases encoded by bacteriophages T5 and φ29 (36) (37) (38) . Gp5 uses the monomeric protein, trx, as a processivity factor. By altering the conformation of the TBD in the thumb of gp5, it may function as part of a clamp, onehalf of which is provided by the polymerase. Because trx does not assemble directly onto DNA, no distinctive clamp-loading complex is required.
The interaction between gp5 and trx occurs at the TBD. Several lines of evidence support this interaction: Replacement of residues in the TBD affects the ability of gp5 to bind trx (25) , the presence of trx protects proteolytic cleavage sites in the TBD (14, 26) , and insertion of the TBD into the homologous site of E. coli DNA Pol I results in an increase in the processivity of the chimeric DNA polymerase only when trx is present (27) . The structure of gp5 confirms that the TBD is the site of interaction (18) . The TBD wraps around the base of trx and masks the two active site cysteines (Cys-32 and Cys-35) of trx as well as of other hydrophobic residues. The reducing power of trx is not required for its interaction with gp5; both cysteines can be replaced with residues that abolish the ability of trx to undergo oxidation and reduction, but these altered substitutions still allow the formation of a functional gp5-trx complex in vitro and in vivo (39) .
The exact mechanism by which thioredoxin confers processivity on gp5 is not well understood. Gp5 alone has a processivity of 1-15 nt. Upon binding to trx, processivity is increased to 700-1000 nt (4, 14, 15) . When gp5/trx encounters sites of secondary structures, it stalls and eventually dissociates from DNA. The removal of these secondary structures by either gene 2.5 or an E. coli ssDNA-binding (SSB) protein allows gp5/trx to fully replicate M13 ssDNA (40) (41) (42) . Kinetic studies reveal that trx increases the processivity of gp5 by stabilizing its interaction with the primer-template; the K D s of gp5 and gp5/trx to primer-template are 70 and 3 nM, respectively (40) .
Two models are proposed for the stabilization of gp5-DNA by trx and the TBD. The structure of gp5/trx shows trx and the TBD forming an extended DNA-binding cleft from the thumb region where the basic residues in the TBD are in proximity to the phosphate backbone of the DNA (18, 43) . In support of the first (electrostatic) model, altering the basic residues in the TBD results in decreased processivity (25, 44) . Furthermore, the number of base pairs that the TBD contacts along this extended DNA-binding cleft (43) agrees well with the number obtained from foot-printing studies for the binding of gp5/trx to dsDNA (S. Tabor & C.C. Richardson, unpublished data). It is possible that the crystal structure of gp5/trx is trapped in a nonprocessive mode because the incoming dNTP is trapped in the active site before incorporation into the primer. In a processive mode, the thumb and the bound trx could swing down to clamp over the duplex portion of the DNA to prevent its dissociation prior to the next polymerization cycle. This second model is supported by suppressor analysis of genetically altered trx (45) . Some amino acids in gp5 that restore the ability of the altered trx to confer processivity on gp5 reside in the TBD, and another is located within the exonuclease domain. The latter site is interesting because it raises the possibility that the extended loop of TBD might swing down and dock on the tip of the crevice located within the exonuclease domain, thus encircling gp5/trx around the DNA within a structure similar to a sliding clamp.
Assembly of T7 Gene 5/Thioredoxin on DNA
The assembly of trx with gp5 and its loading onto DNA exemplifies the economy of the T7 replisome. Gp5 and trx interact directly in a DNA-independent reaction. The two proteins form a one-to-one complex upon mixing and bind to a primer-template (14) . Thus, unlike the situation in phage T4 and E. coli, no clamploading complex is required for assembly. Gp5 can be covalently linked to trx, and that complex also functions to increase processivity (42) . If gp5 is preassembled onto a primer-template, trx can still form a stable complex, as evidenced by its ability to prevent the rapid dissociation of gp5 from the DNA (40) . Upon completing DNA synthesis on a primer-template, gp5/trx dissociates and can reassemble on a new primertemplate; no recycling of a new trx to the polymerase is required (42) . However, when gp5/trx stalls at a secondary structure, the complex eventually becomes unstable, and the two proteins dissociate from one another, leading to a premature release of gp5 (42) .
Assembly of E. coli and T4 Processivity Factors and Polymerases on DNA
In contrast to the T7 system, the assembly of ring-shaped processivity factors in other systems requires clamp-loader proteins, molecular motors that open the clamp and load it onto DNA (1, 2, (46) (47) (48) . In E. coli, DNA Pol III consists of a three-subunit catalytic core (α-polymerase, ε-exonuclease, and θ), a homodimeric β processivity clamp, and a δδ τ 2 γχψ-clamp-loader complex (Figure 3) . The τ-subunit differs from the γ-subunit in that it contains an extra 24-kDa C-terminal region, i.e., domains IV and V. This C-terminal region binds the core polymerase (for reviews, see References 1 and 49-51). There are two (or three) τ-subunits because Pol III functions (at least) as a dimer ( Figure 3) ; in vivo the clamp loader may contain three τ-subunits and three polymerases (52) . The assembly of the β-clamp on DNA is dynamic, where a series of ATPbinding and hydrolysis events drive changes in protein-protein and protein-DNA interactions. The binding of ATP to the clamp-loader complex opens the β-clamp and then localizes it at the primer-template (53) (54) (55) (56) (57) . The binding of the clamp loader and the open β-clamp to DNA stimulates the loader's ATPase activity, leading to the closure of the β-clamp around the DNA and the dissociation of the loader from the clamp (48, 56, (58) (59) (60) (61) . These events are followed by the polymerase core through interaction with α. The crystal structure of β bound to duplex DNA shows that the ssDNA overhang binds to a hydrophobic pocket on the surface of β in a conformation that does not support its sliding along the DNA (62) . The hydrophobic pocket is in the same region where β interacts with the clamp loader and the polymerase α-subunit (63, 64) . Competition between ssDNA, the clamp-loader complex, and α for this hydrophobic pocket is proposed to mediate the assembly of α and β on the primer-template (62) . In this model, upon the closure of β on the primer-template stand, the ssDNA overhang binds to the hydrophobic Model of the replication fork of E. coli. The DnaB helicase unwinds the duplex DNA. The two separated parental strands are replicated by DNA polymerase III (Pol III) holoenzyme. The holoenzyme consists of a three-subunit catalytic core (α-polymerase, ε-exonuclease, and θ), a homodimeric β processivity clamp, and the δδ τ 2 γχψ-clamp-loader complex. The τ-subunit differs from the γ-subunit in that it contains an extra 24-kDa C-terminal region, which couples the helicase and the polymerase by interacting with both the α-subunit and DnaB. DNA Pol III functions as a dimer where one core replicates the leading strand continuously and the second replicates the lagging strand in the form of Okazaki fragments. The clamp loader may consist of up to three τ-subunits, and therefore up to three polymerases can be assembled at the replication fork (52) . Three monomers of the primase DnaG interact with DnaB and catalyze primer synthesis. The ssDNA is coated with SSB (ssDNA-binding) protein.
pocket and displaces the clamp-loader complex. The binding of α to the hydrophobic pocket then displaces the ssDNA and changes the way β interacts with dsDNA such that it may slide along dsDNA. The polymerase subunit α interacts with β through two motifs in its Cterminal region (63, 65) . It should be noted that the dissociated clamp loader remains bound to the holoenzyme via the τ-subunit interaction with the polymerase α-subunit (Figure 3) .
Clamp loading in the phage T4 system is equally complex. The T4 DNA polymerase (gp43) has both polymerase and 3 -5 exonuclease activity. The processivity clamp (gp45) is a trimeric protein. As in E. coli, there is also a clamp-loading complex consisting of four molecules of the gene 44 protein (gp44) and one molecule of the gene 62 protein (gp62); for a review see Reference 2. T4 DNA polymerase is monomeric (66), but unlike T7 DNA polymerase, it forms a dimer through a disulfide bond when bound to a primer-template ( Figure 4) (67) . The loading of the sliding clamp and its use by T4 DNA polymerase are parts of a dynamic process that is mediated by ATP hydrolysis. However, in contrast to E. coli, where ATP binding is important for loading the clamp and ATP hydrolysis is important for dissociation of the clamp loader, in T4 ATP hydrolysis is important for both events. In contrast to the E. coli β-clamp, the gp45 clamp is partially open in solution (68) Model of the replication fork of phage T4. The gene 41 helicase (gp41) unwinds the DNA. The DNA polymerase (gp43) is present as a homodimer resulting from cross-linking via a disulfide bond between two cysteines. A trimeric clamp processivity factor (gp45) encircles the DNA and binds to gp43. The dimeric polymerase is anchored at the fork via its interaction with the helicase. The clamp-loader complex is a pentameric complex of 4:1 of gp44 and gp62. Up to six monomers of the primase (gp61) interact with the helicase and catalyze primer synthesis. The ssDNA is coated with gene 32 (ssDNA-binding protein).
clamp closing around the DNA, but the clamp is not closed completely (69) (70) (71) . The closure of the clamp and dissociation of the clamp loader take place after the binding of the polymerase at the face of the partially open clamp (70, 71) . Other possible pathways of assembling gp43 and gp45 on DNA have been proposed (72) . T4 DNA polymerase uses its C-terminal region to interact with the trimeric clamp gp45 at the subunit interface (73, 74) . In contrast to E. coli, the dissociated clamp loader does not remain bound to the polymerase-clamp and primer-template complexes (71, 75) (compare Figures 3 and 4) .
The binding of the processivity factors to the polymerases in the T7, T4, and E. coli systems has dramatic effect on their processivity (14, 76, 77) . A direct comparison between the processivity of T7 DNA polymerase and E. coli DNA Pol III holoenzyme using singlemolecule techniques shows that the two have comparable processivity in the range of 1000 nt per single DNA-binding event (4, 15, 78) . Surprisingly the complex process of clamp loading of ring type processivity factors does not confer greater processivity than that obtained in the case of the less-complex phage T7 system.
LEADING-STRAND DNA SYNTHESIS
The first step in replicating duplex DNA is the exposure of a ssDNA template to the polymerase. This step requires another molecular motor, the DNA helicase, which assembles on the lagging strand as a hexameric ring and uses the energy of NTP hydrolysis to translocate in the 5 -3 direction. Movement of the helicase through duplex DNA results in unwinding and exposure of ssDNA. The assembly of the hexameric helicase on the lagging strand requires a ring-opening and -closing mechanism. Once assembled on the lagging strand, the helicase can serve as an anchor to recruit other proteins (Figure 1) . The leading-strand DNA polymerase can polymerize nucleotides continuously as the ssDNA template is exposed by the helicase. We first focus on the mechanism by which the helicase and polymerase mediate leading-strand synthesis. We then discuss the interactions that coordinate activities of the two proteins.
Unwinding Duplex DNA by T7 Gene 4 Helicase T7 gp4 has served as a model to study replicative DNA helicases (79) . For critical reviews on DNA unwinding by helicases see References 80-82. Five RecA-like motifs define the catalytic core of these helicases. Gp4 is unique in that it contains both helicase and primase activities within the same polypeptide chain. The helicase activity resides in the C-terminal 295 residues and the primase activity in the N-terminal 245 residues (79) . A linker of 26 residues separates the helicase and primase domains (Figure 5a) . The linker plays a critical role in the oligomerization of gp4 (83) (84) (85) (86) . The primase and the helicase domains have been purified separately and shown to exhibit their activities independently (83, 87) . However, the presence of each domain has striking effects on the activity of the other. Although other replicative helicases and primases are encoded by separate genes, they nonetheless require a physical association to function properly.
Gene 4 encodes two colinear 63-kDa and 56-kDa proteins, which are expressed in a 1:1 molar ratio (88) . NTP-binding sites and oligomerization motifs required for hexamer formation (92, 93) and for DNA-dependent nucleotide hydrolysis (92, 94) . Consequently, both proteins bind to and translocate on ssDNA (94), a reaction coupled to nucleotide hydrolysis (95) . Unlike other replicative helicases that primarily hydrolyze ATP, gp4 uses dTTP (95) . Only the 63-kDa form is able to synthesize RNA primers in a template-dependent manner (89, 96) . Thus only the 63-kDa gp4 is able to provide both helicase and primase activities needed for phage replication.
Biochemical and structural data using electron microscopy and X-ray crystallography show that gp4 forms both hexamers (Figure 5a ) and heptamers (84, 85, (97) (98) (99) (100) . As discussed below, only the hexameric form binds and translocates on ssDNA (99) . The crystal structures of gp4 revealed a dimer interface in which an N-terminal helix on one subunit swaps with that of the adjacent subunit (84) (85) (86) . This helix constitutes a portion of the unique linker connecting the primase and the helicase. Biochemical studies have demonstrated the dependence of oligomerization on this region (83, 101) . In addition to these interactions, a series of loops near the nucleotide-binding pocket also makes contact with the adjacent subunit and with a bound nucleotide (84) (85) (86) . Altering residues in these loops affects the oligomerization state of gp4 (99, 102) .
Biochemical and structural studies have elucidated the mechanism by which the energy derived from nucleotide hydrolysis leads to translocation on ssDNA. Six nucleotidebinding sites are present at the six dimer interfaces. A sensor arginine residue from one subunit binds the γ-phosphate of the bound NTP in the adjacent nucleotide-binding site (Figure 5b) (85, 86, 103) . This "arginine finger," residue 522, provides a mechanism to monitor the status of nucleotide binding and hydrolysis among the six nucleotide-binding sites (103) . Mutating the arginine finger residue results in an altered protein that can hydrolyze dTTP but lost its ability to unwind duplex DNA, demonstrating the importance of this sensing mechanism to coordinate nucleotide hydrolysis with DNA unwinding.
A central channel is created by the assembly of the hexamer with three basic loops lining the central cavity. ssDNA passes through this central cavity (84, 85, 100) where it interacts with the basic loops (85, 92, 102, (104) (105) (106) . The crystal structure of the hexameric gp4 revealed three different states for the nucleotide-binding sites (85) : empty, loosely bound, and tightly bound. These different nucleotide-binding states followed each other around the ring in a repeated sequence such that subunits across the ring from each other were identical. Although the structure was obtained in the absence of ssDNA, Singleton et al. (85) proposed a sequential model for nucleotide hydrolysis during translocation on ssDNA. Gp4 has markedly diminished dTTPase activity in the absence of ssDNA (82, 89, 91) . Crampton et al. (106) showed that the mechanism of this ssDNA-independent nucleotide hydrolysis is fundamentally different from the ssDNAdependent nucleotide hydrolysis. In these studies, wild-type gp4 was mixed in different ratios with catalytically inactive gp4 missing the catalytic base, Glu-343 (Figure 5b) . The pattern of inhibition of dTTP hydrolysis revealed that each subunit of gp4 is able to hydrolyze nucleotides randomly and independently. In contrast, when an altered gp4 with a defective DNA-binding loop in the central core was used, the presence of only one defective monomer led to a sharp decrease in DNA-dependent nucleotide hydrolysis. Therefore, all six subunits are catalytically active and function in a sequential manner. These studies suggest that the ss-DNA is passed between subunits in a sequential manner and that nucleotide hydrolysis only occurs at subunits where ssDNA is bound. This interpretation is consistent with the work of Liao et al. (107) who showed that, in the presence of ssDNA, four to six subunits in the hexamer are catalytic. Collectively, these results show that the binding of ssDNA in the central channel induces transformation of catalytically independent subunits into a motor of unified subunits, working in a cooperative manner to hydrolyze nucleotides. The force-producing step during DNA unwinding is thought to be associated with dTTP hydrolysis or phosphate release rather than dTTP binding (107, 108) .
The nucleotide-binding site is at a considerable distance from the ssDNA-binding loops that line the central cavity of the ring. Communication between the two sites is obviously crucial to coordinate sequential dTTP hydrolysis and to move the ssDNA in the central channel. One model proposes that the energy from nucleotide hydrolysis is used for conformational changes in the DNA-binding loops to mediate sequential dTTP hydrolysis and transfer of ssDNA. In support of this model, mutation of a conserved arginine residue that is not directly involved in binding to nucleotide or ssDNA uncouples nucleotide hydrolysis from DNA unwinding (102) . This arginine links a loop in the nucleotide-binding site to one of the basic loops in the central core through a hydrogen bond, thus providing for communication between the two sites. These results are supported by the structure of bovine papillomavirus E1 helicase bound to nucleotide and ssDNA (109) . These studies provide information on how interactions between the nucleotide-binding site and the ssDNA-binding loops coordinate the movement of DNA.
The oligomerization of gp4 also affects the activity of the molecules that interact with it. For example, it provides a scaffold for the primase monomers to interact with each other during primer synthesis (110, 111) . One element of gp4 that is necessary for its interaction with the polymerase is the 17-residue C-terminal tail (44, 112, 113) . The C-terminal tail does not diffract in crystals of gp4 (84) (85) (86) , suggesting that it is not structured in solution. All of the six C-terminal tails are required to interact with the polymerases to achieve highly processive DNA synthesis (44) .
Two models have been proposed for DNA unwinding by helicases (105, 114, 115) . In the passive model, thermal energy transiently opens the junctions of the dsDNA, and the forward movement of the helicase prevents reannealing. The helicase functions to trap the thermally frayed ssDNA at the fork. The active model proposes that the helicase destabilizes the duplex DNA by using the energy of nucleotide hydrolysis to move forward and encounter the fork. Johnson et al. (116) tested these two models using a single-molecule assay that determines the rates of ssDNA translocation and DNA unwinding by a single molecule of gp4. The observed dependence of unwinding rates on DNA sequence and its sensitivity to the destabilizing force fit with an active molecular motor. Transient kinetic data show that the average number of base pairs unwound per molecule of dTTP hydrolyzed is 3-4 for a GCrich and 1-2 for an AT-rich sequence (108) . Interestingly, single-molecule studies of DNA unwinding by the T4 helicase indicate that it is fundamentally different from T7 gp4 in that it functions as a passive molecular motor (117) .
Assembly of T7 Gene 4 Helicase on ssDNA
The loading of the helicase requires melting of the duplex DNA to expose ssDNA to which the helicase can bind, an event that usually takes place at the origin of replication. Most in vitro studies have used duplex DNA bearing a 5 -ssDNA tail onto which the hexameric helicase can load (95) . However, for unwinding of the duplex to occur, a 3 -ssDNA tail is necessary to keep this strand outside the central channel of the helicase (118) . Unlike many other helicases, gp4 does not require the aid of other proteins to load onto ssDNA. Its ability to load equally well on both linear and circular ssDNA (98) demonstrates that the hexameric ring must either disassemble or open. Biochemical studies suggest that loading is mediated by a multistep mechanism (119, 120) . These studies argue against the disassembly and reassembly model and suggest a ring-opening mechanism, perhaps triggered by the binding of the primase domain. In one model, gp4 ring opening is mediated by a "lockwasher" conformation of gp4, a structure observed in the transcription termination factor Rho (121) and in the phage T4 helicase (122) . Such a conformation allows the ssDNA to access the helicase central channel (84, 119, 120) . Recent studies support another model in which gp4 switches between its two oligomerization forms, heptamer to hexamer, to mediate ring opening (99) . In the presence of nucleotide, gp4 exists as a hexamer when loaded to ssDNA and as a mixture of heptamer and hexamer when not bound to ssDNA. A similar mechanism has been proposed for the RuvB protein in which the loss of a subunit from the heptamer accompanies binding to dsDNA (123) .
Interaction of T7 DNA Polymerase and Helicase
The polymerase and helicase move at different rates with modest processivity. The average rates of nucleotide polymerization by gp5/trx and unwinding by gp4 are 220 and 15-30 nt/s, respectively; the average processivities are 700-1000 and 60-350 nt, respectively (4, 116, 124, 125) . During leading-strand synthesis, the average rate of DNA synthesis by the two proteins functioning together is reduced to 165 bases/s, whereas the processivity is increased to greater than 17 kb (4). Obviously the interaction of DNA polymerase with the helicase has dramatic effects on the stability of the proteins and on the overall processivity (4, 124) . Indeed, surface plasmon resonance studies of the interaction of gp4 and gp5/trx in a polymerization mode on a primer-template reveals a stable complex with a half-life of more than ten minutes (24, 44) . This stable interaction is dependent on gp5/trx in a polymerization mode; no stable complex is found with gp4 bound to ssDNA. The stable interaction does not involve the less stable electrostatic interaction of the two proteins described below (24, 44) .
A second, less stable interaction of gp5/trx and gp4 has been observed in a reaction not dependent on the presence of DNA. In this interaction, the two proteins physically interact (K D = 90 nM) through an electrostatic interaction (24, 112, 113) . That interaction involves the 17-residue acidic C-terminal tail of gp4 (24, 112, 113) and an interaction involving the C-terminal phenylalanine (113) . Deletion of the C-terminal tail eliminated this interaction and decreased the macroscopic rate of leading-strand synthesis by approximately fivefold (44, 112, 113) . Neutralizing the acidic residues of the C-terminal tail or eliminating its terminal phenylalanine resulted in a similar reduction of synthesis (113) . The site of contact of the C-terminal tail appears to be at two basic, solvent-exposed loops located within the TBD of gp5 (44) . The binding of thioredoxin to the TBD simulates the binding of gp5 to gp4 (24) , perhaps owing to better exposure of the two loops. At least one basic residue on trx, located adjacent to one of the loops, also appears to interact with the C-terminal tail of gp4 (125a) .
A single copy each of gp5/trx and gp4 mediates leading-strand synthesis with a processivity greater than 17 kb (4). This processive synthesis is resistant to the addition of a DNA trap (126) . These results indicate that neither the helicase nor the polymerase dissociate from DNA during leading-strand synthesis. However, when leading-strand synthesis is challenged with excess DNA polymerase, the leading-strand polymerase exchanges with free polymerase from solution without affecting the rate or processivity of DNA synthesis (44, 126) . In these studies, the exchange was monitored by the use of an active-site mutant of gp5 in which Tyr-526 is replaced with Phe. DNA synthesis catalyzed by this active-site mutant is resistant to inhibition by chain terminator dideoxynucleotides because the protein, unlike wild-type gp5, is deficient in the incorporation of these analogs (127) . This dynamic nature of DNA synthesis challenges the traditional definition of processivity (128) . Apparently, processive DNA synthesis can occur even when DNA polymerases undergo multiple DNA-binding events.
The molecular mechanism that underpins this dynamic processivity involves the two different binding modes of the helicase and polymerase (44) . The two modes together provide for the 17-kb processivity of leading-strand synthesis. If the electrostatic binding mode between the C-terminal tail of gp4 and the two loops within the TBD of gp5/trx is lost, processivity is decreased to 5 kb. Thus, the tight binding of gp5/trx and gp4 during polymerization is sufficient for 5 kb of DNA synthesis, but gp5/trx does on occasion disengage from the primer. When the polymerase dissociates from the primer, the role of the electrostatic binding mode might anchor the dissociating polymerase to the helicase to prevent it from dissociating into solution (Figure 6) . The close proximity of the polymerase to the primer-template strand 3'
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Figure 6
Two binding modes mediate gp5/trx and gp4 interaction at the replication fork. While synthesizing DNA, gp5/trx and gp4 form a high-affinity complex that is independent of the C-terminal tail of gp4 or the thioredoxin-binding domain (TBD) of gp5/trx. This tight-binding mode leads to the synthesis of 5 kb of DNA on average prior to the dissociation of gp5/trx. The electrostatic binding mode can either retain the dissociated gp5/trx in close proximity to DNA (step 1) and/or recruit gp5/trx from solution (step 2). The latter event provides an explanation for the ability of DNA polymerases to exchange at the replication fork without affecting processivity. The polymerase(s) bound in the electrostatic mode move sequentially from one C-terminal tail of the hexameric gp4 to another in search of the primer-template.
allows it to rebind the primer from which it dissociated. Interestingly, all of the six C-terminal tails of gp4 are required to enable the electrostatic binding mode to enhance the processivity of leading-strand synthesis (44) . The requirement for all of the C-terminal tails may arise from necessity for gp5/trx to move sequentially from one subunit to another in search of the primer. This role of the electrostatic binding mode in enhancing the processivity of leading-strand synthesis also provides an explanation for the ability of gp5/trx to exchange with gp5/trx polymerizing nucleotides without affecting processivity (44, 126) . Gp5/trx in solution should be able to bind to one of the subunits of the translocating helicase via the electrostatic mode (Figure 6 ). If at any time the synthesizing polymerase transiently dissociates from the primer, then it would essentially be in equilibrium with the other polymerase bound to the helicase. Thus, upon rebinding, there would be an equal opportunity for either the original or the newly recruited polymerase to rejoin the primer-template strand. In support of this model, polymerase exchange is prevented by eliminating the electrostatic binding mode (44) .
Assembly of Polymerase and Helicase in the E. coli and T4 Replication Systems
The assembly of the helicase and polymerase for leading-strand synthesis occurs without the assistance of other proteins in the T7 system. In contrast, in E. coli and in bacteriophage T4, the assembly requires two loading proteins. The clamp loader loads the polymerase onto the DNA, and the helicase-loading protein loads the helicase onto ssDNA. In E. coli, the DnaB helicase is loaded by DnaC (129) (130) (131) (132) (133) (134) (135) (136) , and in T4, the gp41 helicase is loaded by gp59 (137) (138) (139) (140) . In both cases, the helicase-loading partners dissociate from the complex upon assembly of the helicase on ss-DNA. Similar to T7 gp4, the intrinsic helicase activities of T4 gp41 and E. coli DnaB are modest. Their rates of DNA unwinding in bases/s are 30 (117) and 35 (141) , respectively, with more recent work reporting rates for DnaB that are higher (300 bases/s) (142) . The average number of base pairs unwound are 100-800 (117) and 10 (141, 142) , respectively. These values cannot account for the higher rates required for fork progression. Several protein interactions that occur during leading-strand synthesis increase these values considerably. In E. coli, the binding of DnaB to the polymerase accessory subunit τ stimulates its unwinding activity nearly tenfold (141) . In T4, the binding of gene 41 helicase to gene 61 primase also stimulates its activities (143) . The association of the polymerase with the helicase, as in the case of T7, however, provides the maximum enhancement of its rate and processivity (144, 145) .
In contrast to T7 DNA polymerase, most replicative DNA polymerases that belong to either the Pol II or the Pol III family maintain their interactions with other replication proteins via their accessory subunits (2) . In E. coli, the polymerase subunit α interacts with the helicase DnaB indirectly, via the C-terminal region of its accessory protein τ; domain V of τ interacts with α; and domain IV of τ interacts with DnaB (Figure 3) (146) (147) (148) . Sequence alignment among the replicative DnaB family of helicases shows that their C-terminal tails are not all acidic. E. coli DnaB and T4 gp41 helicases, for example, have only 4 and 3 acidic residues, respectively, in their C-terminal 17 residues compared to 7 in T7 gp4. One possibility is that acidic C-terminal regions are important only in systems where the helicase and the polymerase interact directly. Interestingly, domain IV of the τ is basic (146) , as is the case for the TBD of gp5, suggesting that the binding site on DnaB for the τ-subunit is highly acidic. Such electrostatic interactions between the helicase and the polymerase may be a universal feature at replication forks.
DnaB helicase alone catalyzes unwinding with poor processivity, but within the replisome, a single DnaB hexamer supports highly processive DNA synthesis (78, 149, 150) . Single-molecule measurements of primer extension by DNA Pol III and leading-strand synthesis by DnaB and DNA Pol III reveal average rates of polymerization of 350 and 420 bases/s, respectively, and average processivities of 1.4 and 11 kb, respectively (78) . Obviously the interaction between the polymerase and the helicase in E. coli also plays a role in mediating their activities. Comparison of the kinetics of leading-strand synthesis by DnaB and a DNA Pol III that contains a clamp-loader complex of different ratios of τ and γ shows that only one τ-subunit is required to bridge the helicase and the polymerase to support leadingstrand synthesis (78) . As is the case for the gp4-gp5/trx interaction, α appears to interact with τ in two different binding modes depending on whether α is bound to a primer-template (63, 151) . Although two regions in α interact with τ, it is unclear whether they act independently (147) . Nonetheless, one can envision that they function in a way similar to the two binding modes of gp4-gp5/trx to assure processive synthesis.
Phage T4 gp41 alone, as discussed above, unwinds DNA with relatively low processivity (117, 152, 153) . However, leading-strand synthesis mediated by gp43 DNA polymerase, its processivity factor, gp45, and gp41 proceeds at a considerably faster rate (144, 145) . Little is known about the physical interaction between the helicase and the polymerase in T4. The two proteins do not interact with each other in solution (66) . Nonetheless, the high processivity of leading-strand synthesis suggests that the two proteins may interact at the replication fork to modulate their activities as in the T7 and E. coli systems (144, 145) . In contrast to E. coli, in T4 the clamp-loader complex is not required for processive leading-strand synthesis and is not associated with the polymerase after its assembly at the fork (71, 75) . This observation suggests that T4 DNA polymerase and the helicase may interact directly at the replication fork as in the T7 system and in contrast to the indirect interaction via the clamp loader in E. coli.
The arrangements of the DNA polymerases and their interaction with the helicase at the replication fork in the T7, E. coli, and T4 systems are depicted in Figures 1, 3, and 4 , respectively. The DNA polymerases of bacteriophage T4 and E. coli both appear to function as dimers at the replication fork. The ability to dimerize provides a mechanism by which the leading-and lagging-strand DNA polymerases can be coordinated without dependence on another protein. Whereas the multisubunit nature of E. coli DNA Pol III provides for considerable flexibility, it is difficult to envision how two monomeric T4 DNA polymerases could assemble on both strands as a dimer. T7 DNA polymerase, by contrast, has never been found as a dimer and thus appears dependent on the gene 4 helicase to coordinate leading-and laggingstrand DNA synthesis. The possible direct interaction between T4 DNA polymerase and the helicase (144, 145) may assist in coordination of leading-and lagging-strand synthesis. E. coli DNA Pol III interacts indirectly with the helicase via its interaction with the clamp-loader complex.
LAGGING-STRAND DNA SYNTHESIS
Copying of the lagging strand poses numerous difficulties. If lagging-strand synthesis is to occur simultaneously and in coordination with leading-strand synthesis, multiple initiation events must occur, resulting in short Okazaki fragments. This necessity arises from the opposite polarity of the two strands of a DNA duplex. Initiation of each Okazaki fragment requires an RNA primer whose synthesis is carried out by a DNA primase. The primer is held in place by the primase until transferred to the lagging-strand polymerase to initiate the synthesis of the Okazaki fragment. To coordinate lagging with leading-strand synthesis (Figure 1) , Alberts et al. (154) proposed the "trombone model," in which a loop reorients the lagging-strand DNA so that its associated polymerase can replicate it in parallel with the leading-strand polymerase (Figure 1) . This replication loop grows and shrinks, like the slide of a trombone, during each cycle of Okazaki fragment synthesis. These replication loops have been observed in the T4 and T7 systems by both electron microscopy (155, 156) and single-molecule techniques (156a). The duplex portion of the replication loop consists of the nascent Okazaki fragment. The singlestranded portion arises from the DNA extruded by the helicase and forms the template for the next Okazaki fragment. Although not shown in Figure 1 , the RNA primer is subsequently removed by nuclease action, the resulting gap filled, and the final nick eliminated by DNA ligase. The enzymes required for these processes are most likely also associated with the replisome.
Coordinated leading-and lagging-strand synthesis in all three systems is resistant to dilution, indicating that both polymerases are stably associated with the replication fork (150, 157, 158) . In addition, inhibition of lagging-strand synthesis inhibits leading-strand synthesis in the T7 and T4 systems (159, 160) . The presence of replication loops in the T7 system (155-156a) suggests that the lagging-strand polymerase anchors the nascent Okazaki fragment to the replisome. The dynamic exchange of DNA polymerases within the T7 replisome also occurs during coordinated leading-and lagging-strand synthesis (126) . This exchange is dependent on a DNA polymerase-helicase interaction (44) , providing evidence for the association of these proteins.
What anchors the lagging-strand polymerase to the replisome? In E. coli and in T4, dimerization of the leading and lagging-strand polymerase plays a major role. T7 DNA polymerase, on the other hand, exists as a monomer. Inasmuch as the leading-strand T7 polymerase interacts directly with the helicase it is plausible that the helicase also serves to recruit the lagging-strand polymerase.
Primer Synthesis by T7 DNA Primase
Prokaryotic primases, reviewed in this series (161) , are a family of enzymes that synthesize oligoribonucleotides at specific DNA sequences. Three structural features designate prokaryotic primases (Figure 5a ). An N-terminal domain with a zinc-binding motif plays a critical role in recognizing primase recognition sites in ssDNA. An RNA polymerase domain contains the catalytic site where metal-dependent polymerization of nucleotides occurs. A C-terminal region interacts with the helicase or, in the case of T7, covalently connects with the helicase. As discussed below, the association of the primase and helicase plays a pivotal role in primase activity and in coordinating helicase and primase activities.
The sequences encoding the T7 helicase and primase have been cloned, and active helicase and primase have been purified separately (83, 87) . The crystal structure of the primase (162) revealed that the zinc-binding motif (residues 1-54) is homologous to the zinc-ribbon family of metal-binding motifs (163) . In this motif, a single Zn 2+ atom is coordinated by four Cys residues, a structure that is consonant with previous biochemical studies (164) . The RNA polymerase domain (residues 71-245) consists of two substructures. A C-terminal TOPRIM fold, found in topoisomerases (165) , resembles the structure found in E. coli DnaG primase (166, 167) . The active site where condensation of ribonucleotides occurs contains two Mg 2+ ions coordinated with acidic residues. The identities of the Mg 2+ -coordinating residues have been confirmed by site-directed mutagenesis (168) . The N-terminal substructure is divergent and is separated from the C-terminal TOPRIM region by a shallow cleft that contains basic residues. Mutagenesis studies show that this cleft constitutes the nucleotide-binding site (169) . The zinc-binding motif and the RNA polymerase domain are linked through a flexible polypeptide of 16 residues (Figure 5a) . NMR chemicalshift mapping on the primase fragment illustrates that, in the absence of the primer and template, the two motifs adopt an open conformation that may resemble the one observed in the crystal structure. Interestingly, in the presence of primer and DNA template, the zincbinding motif makes contact with the RNA polymerase domain. The resulting interaction secures the template in the active site, allowing the bound nucleotide to base pair with the template near the metal-binding site (162) . Therefore, the linker connecting the zinc-binding motif and the RNA polymerase domain provides a hinge-like structure that enables the union of the two motifs during primer synthesis. Interfering with the length of this linker leads to changes in the kinetics and mechanism of primer synthesis (111) .
T7 primase, like the primases of phage T4 and E. coli, recognizes a trinucleotide sequence, where it catalyzes the template-directed synthesis of a dinucleotide; the 3 -residue of the trinucleotide sequence is essential for recognition, although this "cryptic" nucleotide is not copied into the product (161) . The T7 primase recognition sequence is 5 -GTC-3 , giving rise to the dinucleotide bearing a 5 -triphosphate (pppAC) (90, 170) . The dinucleotide is then extended by the primase, provided the proper nucleotides, T and G, are present in the template. Consequently, the predominant T7 primase recognition sites are 5 -GGGTC-3 , 5 -TGGTC-3 , and 5 -GTGTC-3 (90, 171, 172) . Using only ATP and CTP, the T7 primase catalyzes the synthesis of the tetraribonucleotides pppACCC, pppACCA, and pppACAC. Under optimal conditions, the primase synthesizes primers slowly, at rates less than a tetraribonucleotide per second (161) . These tetraribonucleotides are the functional primers used by the T7 DNA polymerase. The Okazaki fragments found in T7 phage-infected cells are initiated with RNA primers with these sequences (173) (174) (175) .
In the absence of the zinc-binding motif, the primase fails to catalyze template-directed oligoribonucleotide synthesis. Nonetheless, it does synthesize random diribonucleotides at low efficiency; similar products are detected in the absence of a ssDNA template (96, 164, 176) . In vitro mutagenesis has revealed several residues in the zinc-binding motif that are important in template recognition (164, 177) . The use of chimeras of the zinc-binding motif of T7 primase, and of the RNA polymerase domain of the primases from T4 and E. coli, reveals that the zinc-binding motif alone does not confer all the sequence specificity (176, 178) . The ultimate sequence specificity of the primase may require the engagement of the zinc-binding motif and the RNA polymerase domain with the oligoribonucleotide and template strand. Studies have been carried out that compare the binding of the zinc-binding motif, the RNA polymerase domain, and the primase fragment to DNA templates that either contain or do not contain a recognition site. Only the primase fragment under conditions of primer synthesis is capable of selectively binding to the recognition site (S.J. Lee & S.M. Hamdan, unpublished data).
In the presence of a DNA template containing a recognition site, the primase synthesizes, in addition to the tetraribonucleotides, a mixture of di-and triribonucleotides. The amount of pppAC produced is considerably greater than the amount of tetraribonucleotide under conditions in which primer synthesis is not coupled to DNA synthesis (90, 179) . In the presence of a primase recognition sequence, T7 primase extends a preformed pppAC to the appropriate tetraribonucleotide as efficiently as it catalyzes de novo tetraribonucleotide synthesis from ATP and CTP (170, 179) . These results suggest that the primase synthesizes tetraribonucleotides in two distinct steps: First, it condenses ATP and CTP to form pppAC, followed by extension to the tetraribonucleotide. The rate of formation of pppAC is considerably faster than the rate of pppAC extension (180) .
The association of DNA primases with their cognate DNA helicase has striking effects on primase activity. T7 primase is similar to other primases in that it binds ssDNA with very weak affinity (170) . The covalent linkage of the T7 helicase to the primase enables the former to tether the primase to DNA, transport the primase to primase recognition sites, and coordinate the actions of primase and helicase. The two proteins are arranged such that that the Cterminal half of the helicase faces the duplex DNA to be unwound while the primase resides behind the moving helicase overseeing the extruded ssDNA of the lagging strand (Figure 1) . This arrangement provides a mechanism for the primase to search for its recognition sequences as they are extruded from the helicase.
The crystal structure of the 56-kDa species of gp4 (84) reveals the primase and the helicase to be connected via a flexible polypeptide of 26 residues (Figure 5a) . This linker plays a crucial role in the oligomerization of gp4 by a domain swapping that interlocks the subunits. The domain swapping, which involved the linker, places the primase domain from one subunit over the helicase domain of the adjacent subunit. The interaction between the primase and the hexameric helicase results in a structure in which the primase domain of one subunit interacts with that of an adjacent subunit. This arrangement was first illustrated in the T7 system where the zinc-binding motif of one subunit interacts with the RNA polymerase catalytic site on another subunit to catalyze primer synthesis in a "trans mode" (110) . In these studies, two inactive forms of gp4 were used: the 56-kDa gp4, lacking the zinc-binding motif, and a 63-kDa gp4, harboring a mutation in the RNA polymerase domain. Although each protein is inactive alone, the two proteins together catalyze the synthesis of primers in a reaction dependent on hexamer formation.
The linker connecting the RNA polymerase domain and the zinc-binding motif as well as that connecting the primase and helicase are flexible, allowing a high degree of motion within gp4 (84, 162) . Modifying the length of the linker connecting the RNA polymerase domain and the zinc-binding motif alters communication between these two subdomains (111) . Using the N-terminal primase fragment of gp4, these studies illustrate that the two steps involved in primer synthesis, i.e., formation of pppAC and its extension to tetraribonucleotide, can occur through different interactions of the cis mode trans mode
Figure 7
Model for two modes of interaction between the zinc-binding motif and the RNA polymerase domain during primer synthesis by T7 DNA primase. T7 primase recognizes the sequences 5 -TGGTC-3 , 5 -GTGTC-3 , and 5 -GGGTC-3 , where it catalyzes the synthesis of the oligoribonucleotides 5 -ACCA-3 , 5 -ACAC-3, and 5 -ACCC-3 , respectively. The interaction between the zinc-binding motif and the RNA polymerase domain is a requirement for template-directed primer synthesis. This interaction in gp4 could take place within the same primase monomer (cis mode) (111, 162) or between two adjacent primase monomers (trans mode) within the hexamer (110, 111) . Primer synthesis is mediated by two independent steps: First, the primase condenses ATP and CTP to form the diribonucleotide pppAC common to all primers and then, in a rate-limiting step, extends the di-to the appropriate tetraribonucleotide. It has been suggested that the cis mode mediates the first condensation step of primer synthesis and the trans mode mediates the slow extension step (111) .
zinc-binding motif with the RNA polymerase domain. They suggest a model in which the primase of gp4 catalyzes the synthesis of pppAC in a cis mode, and the extension occurs in a trans mode (Figure 7) . In T7 phage-infected cells, gp4 is found as an equimolar mixture of the 56-and 63-kDa forms (88) . If the two forms alternated within a hexamer, then the stoichiometry of three active primases per hexamer would occur, perhaps an optimal spatial arrangement for the trans mode of primer synthesis. The trans mode may be important in coordinating polymerase and helicase activities at the replication fork. Single-molecule measurements show that during primer synthesis the helicase transiently stops (4). The trans mode of primer synthesis could function as a brake to stop helicase activity and hence leading-strand DNA synthesis. This pause would prevent leading-strand synthesis from outpacing lagging-strand synthesis.
T7 Gene 2.5 ssDNA-Binding Protein
SSB proteins lack sequence specificity and bind ssDNA with a higher affinity than they bind dsDNA or RNA (181) . Once thought to have the mundane roles of protecting DNA from nucleases and of removing secondary structures, these proteins are now recognized as interacting with other replication proteins and coordinating several of their activities. In the T7 system, gp2.5 interacts with gp5 (24, 41, 182) and gp4 (183, 184) , stimulating the activity of each. Presumably these interactions explain why coordination of leading-and laggingstrand synthesis in vitro is dependent upon gene 2.5 protein (159). Furthermore, gp2.5 facilitates homologous DNA base pairing, a process that is important in the formation of T7 concatemers, in recombination (185) (186) (187) , and in the repair of double-stranded breaks (188) . The crystal structure of gp2.5 (189) shows that it has the conserved oligosaccharideoligonucleotide-binding fold (OB-fold) that is common to this group of proteins (190, 191) . The structure indicates that the ssDNA binds within the OB-fold via stacking and electrostatic interactions. Alteration of residues in the OB-fold results in reduction of gp2.5 affinity for ssDNA and of annealing of homologous DNA (192) .
Other important features of gp2.5 are its acidic 26-residue C-terminal tail and its Cterminal phenylalanine. This structure is not present in the crystal structure because only gp5 26, lacking the tail, crystallizes. This tail modulates the oligomerization of gp2.5 (184), its interaction with ssDNA (184, 193) , and its interaction with both gp5/trx (24, 41, 182) and gp4 (184) . Gp2.5 exists in solution as a homodimer (194) . Removal of 21 residues from the C-terminal tail results in an altered protein that is monomeric, binds ssDNA with higher affinity, and eliminates its interaction with gp5 and gp4 (184) . Eliminating the negative charge by amino acid replacement has essentially the same effect (182) . Removal of the C-terminal phenylalanine, or its replacement, with a nonaromatic residue also eliminates its interaction with gp5/trx (182) . It has been proposed that the C-terminal tail of each monomer binds in the ssDNA-binding cleft of the other subunit in a trans mode, thus stabilizing the dimer interface seen in the crystal structure (189) . This model has been confirmed by cross-linking studies and NMR chemicalshift mapping (193) . The C-terminal tail crosslinks to the core of gp2.5 (193) . The presence of ssDNA abolishes the cross-linking of the Cterminal tail to the gp2.5 core. Furthermore, the cross-linked species loses the ability to bind to ssDNA. NMR studies mapped the sites for binding both to ssDNA and to the C-terminal tail to the same surface on gp2.5. On the basis of these findings, a model has been proposed in which the C-terminal tail occupies the ssDNA-binding cleft of gp2.5 in the absence of ssDNA, an interaction that facilitates dimerization of gp2.5. The binding of ssDNA displaces the C-terminal tail, resulting in monomer formation, and exposes the C-terminal tail to interact with other replication proteins. Therefore, the protection of the DNA-binding cleft by the C-terminal tail provides a mechanism to prevent random binding of charged molecules to the ssDNA-binding pocket and to coordinate the gp2.5 interaction with other proteins. This model is applicable to other prokaryotic ssDNA-binding proteins. Both E. coli SSB protein and T4 gp32 have acidic C-terminal tails that modulate their interaction with other proteins and with ssDNA (2, 195-200a) . E. coli SSB protein, like T7 gp2.5, also has a C-terminal phenylalanine.
The sites of interaction of the acidic residues in the C-terminal tail of gp2.5 are the two basic loops in the TBD of gp5 to which thioredoxin also binds (44) . These sites are the same ones to which the C-terminal tail of gp4 binds. A suppressor analysis of the gp2.5 lacking the Cterminal phenylalanine has identified residues in gp5 that are likely candidates for binding via this residue (B. Marincheva, unpublished data). These residues are in close proximity to those directly involved in interaction with DNA. The C-terminal tail of gp4 is also acidic, and it has a C-terminal Phe as does the tail of gp2.5. Altering either the acidic residues or the terminal Phe of gp4 abolishes the gp4 interaction with gp5/trx (113) . Evidence for overlapping binding sites of the C-terminal tails of gp2.5 and gp4 with gp5/trx was established using chimeric proteins of gp4 and gp2.5 in which their C-terminal tails were swapped; the altered proteins bind normally to gp5/trx and support phage growth (113, 182) . The interaction of gp2.5 with gp5/trx and gp4 modulates primer synthesis and handoff (183, 201) . A potential role for the overlapping interaction between the C-terminal tails of gp2.5 and gp4 with the TBD of gp5 during primer handoff is discussed below. The multiple interactions of the acidic Cterminal tail of gp2.5 at the replication fork may explain its critical role in coordinating leadingand lagging-strand synthesis (159, 202) .
Primer Handoff to the Lagging-Strand DNA Polymerase T7 primase not only catalyzes the synthesis of tetraribonucleotides, but also promotes their use as primers by T7 DNA polymerase (179) . A stable complex of T7 primase, bound to its primer and in the process of delivering it to T7 DNA polymerase, was obtained by terminating DNA extension by a chain-terminating dideoxynucleoside triphosphate (203) . The interaction does not involve the helicase domain of gp4 as the primase fragment alone forms the complex as does a monomeric gp4 incapable of forming hexamers (162, 203) . In this process, the role of the primase is twofold: First, it prevents the dissociation of the short tetraribonucleotide from the template, and then it stabilizes the primer in the active site of the polymerase. The role of the primase in this latter step is quite impressive in that oligonucleotides up to a length of approximately 20 nt are not effective primers for T7 DNA polymerase; maximal activity occurs with a primer of 21 nt (S. Tabor, unpublished results). Interestingly, the zinc-binding motif alone is sufficient to stimulate primer utilization by the polymerase (162, 201) .
On the basis of the primase fragment's crystal structure along with NMR and biochemical data, Kato et al. (162, 201, 203) proposed a model for primer handoff. NMR chemicalshift mapping shows that the zinc-binding motif and the RNA polymerase domain interact only in the presence of primer-template to form a closed conformation. After primer synthesis, the zinc-binding motif is released from the RNA polymerase domain to adopt an open conformation while it remains bound to the primertemplate. This process exposes the primertemplate to the DNA polymerase for primer extension. A unique loop of four residues, located in the DNA-binding crevice at the base of the thumb of gp5, is required for primer utilization (204) . The location of the loop places it in the position to interact with the tetraribonucleotide and presumably with the primase.
Gp2.5 plays a critical role during both primer synthesis and handoff. On M13 ssDNA, gp2.5 increases the frequency of initiation of RNA-primed DNA synthesis catalyzed by gp5/trx and gene 4 helicase-primase (183) . Interestingly, on a short DNA template, where there is insufficient space for gp2.5 to bind, gp2.5 inhibits primer utilization (201) . This inhibition is mediated by the interaction of gp2.5 with gp5/trx, as evident from the observation that gp2.5 lacking the C-terminal tail is less inhibitory than is wild-type gp2.5. The inhibitory effect might serve to prevent the polymerase from initiating DNA synthesis until the primase initiates synthesis of the next Okazaki fragment. The molecular mechanism by which gp2.5 modulates primer handoff remains elusive. As discussed above, the acidic residues in the C-terminal tail of gp2.5 bind to the two basic loops in the TBD of gp5, and the C-terminal phenylalanine most likely interacts with residues in gp5 that directly contact the DNA near the active site (B. Marincheva, unpublished data). A direct interaction between the primase and gp2.5 has been demonstrated by chemically cross-linking (T. Kusakabe & C.C. Richardson, unpublished work). The electrostatic interaction between the C-terminal tail of gp4 and the TBD domain of gp5/trx might also serve to anchor the polymerase during primer handoff. The TBD interacts with both the C-terminal tail of gp4 and gp2.5 (24) . Thus, competition between these two proteins during coordinated synthesis could provide a switching mechanism to release gp2.5 and to allow for primer utilization.
Lagging-Strand DNA Synthesis in the E. coli and T4 Replication Systems
Lagging-strand synthesis in the E. coli and T4 replication systems is distinctly different from and more complex than that in T7. Nonetheless, the fundamental principles governing lagging-strand synthesis in T7 are applicable to these systems. The lagging-strand polymerase in E. coli is recruited to the fork via its dimerization through the clamp-loader complex (Figure 3) . The clamp-loader complex bridges the twin DNA polymerases with the DnaB helicase. The DnaG primase is found in a protein distinct from the helicase (205) . However, the physical interaction of DnaG with DnaB serves to recruit the primase to the replication fork, enhance its activity, and modulate primer synthesis (reviewed in Reference 206) . DnaG consists of an RNA polymerase domain and a zinc-binding motif homologous to those in T7 primase (161) . However, it has a unique C-terminal region by which it interacts with the N-terminal region of DnaB helicase (207, 208) with a stoichiometry of three primases per hexamer (209) .
The cocrystal structure of the Geobacillus stearothermophilus DnaB helicase in complex with the C-terminal helicase-binding domain of DnaG primase has been determined (210) . In this structure, three monomers of the Cterminal domain of DnaG are bound at the dimer interface of the N-terminal domain of DnaB (210) . The arrangement is analogous to that found in T7; the helicase faces the duplex region of the fork with the primase overseeing the DNA extruded by the helicase (compare Figure 3 with Figure 1 ). The association of DnaG with DnaB enhances the rate of primer synthesis, presumably by tethering it to the ssDNA and assisting it in searching for its recognition sequences (209, 211, 212) . The association of DnaG with DnaB enables communication between adjacent DnaG molecules to mediate primer synthesis in a trans mode (213) as previously illustrated in T7 (110) . Singlemolecule measurements of leading-strand synthesis in E. coli have shown that the interaction of DnaG with DnaB can stop leading-strand synthesis (78) in a manner analogous to that in the T7 system (4).
DnaG primase also recognizes a trinucleotide sequence, 5 -CTG-3 , where it initiates synthesis to make a functional primer 10-12 nt in length (161, (214) (215) (216) . In T7, the primer is handed off directly to the laggingstrand polymerase in a process that may be mediated by gp2.5. In E. coli, the primer is handed off first to the clamp-loader complex in order to load a new β-clamp prior to its utilization by the polymerase α-subunit (217) . E. coli SSB protein plays a central role in this three-point switching process (217) . SSB protein stabilizes the primase complex with DNA (218, 219) . The clamp-loader complex, particularly the χ-subunit, competes with SSB protein for binding to the primase-DNA complex. The result is a transfer of the primer-template to the vicinity of the clamp-loader complex (217, 220) . The clamp-loader complex assembles the β-clamp on the junction of the primer-template in a dynamic process, followed by its union with polymerase α-subunit for extension. The distributive nature of the primase at the replication fork suggests that it may dissociate from the helicase during primer handoff (221) .
In the T4 replication system, the laggingstrand polymerase is linked directly to the leading-strand polymerase via cross-linking of two cysteine residues (Figure 4) (67) . The covalent attachment occurs only when gp43 polymerase is bound to DNA. Gp44/62, the clamp-loader complex, loads the gp45 clamp and then dissociates from the replisome upon the use of the clamp by gp43 (71, 75) . The two DNA polymerases are believed to be linked to the replisome via their direct interaction with gp41 helicase (Figure 4) . T4 gp61 primase also has an RNA polymerase domain and a zincbinding motif and catalyzes the synthesis of pentaribonucleotides from the specific DNA sequences 5 -GTT-3 and 5 -GCT-3 (161, 222, 223) . The interaction of gp41 with gp61 also stimulates primase activity (224, 225) and provides a scaffold for the attachment of up to six monomers of gp61 to the hexameric helicase (122, (225) (226) (227) . The multiple primases enable a trans mode of primer synthesis (226) . Primer handoff is also a three-point switching process where the pentaribonucleotide bound to gp61 is transferred with the assistance of gp32 ssDNA-binding protein to the clamploader complex, gp44/66, followed by assembly of the gp45 clamp (2, 200a) . Finally, gp45 binds to gp43, releasing gp44/gp61 into solution (71, 75) . The primase has a somewhat distributive nature at the replication fork (75) . Its lifetime within the replisome is longer in the presence of gp32, indicating that protein interactions may retain the primase within the replisome (200a) .
COORDINATION OF LEADING-AND LAGGING-STRAND DNA SYNTHESIS
Each cycle of Okazaki fragment synthesis requires multiple steps. The primase recognizes a specific sequence in the lagging strand and catalyzes the synthesis of an oligoribonucleotide. In the T7 system, these events alone require approximately 6 s (4). Recruitment of a DNA polymerase to extend the primer occurs either by its dissociation from the previous Okazaki fragment or by transfer of a polymerase held in reserve by the helicase. Extension of the primer eventually leads to formation of the laggingstrand replication loop. None of these steps is required for leading-strand synthesis; hence, the necessity to coordinate the synthesis of the two strands lest leading-strand synthesis outpace that of the lagging strand.
A Minicircular Primer-Template
The use of naturally occurring DNA molecules to study the coordination of synthesis of the two strands poses problems. The relatively large size of the DNA of even the smallest phage makes it difficult to achieve the concentration of replication forks necessary for proper stoichiometry. In addition, the excess of DNA provides unwanted binding sites for many of the proteins. A minicircle DNA circumvents these problems and provides several advantages (159, 160, 228) . These small circular DNA molecules of ca. 100 bp can be chemically synthesized, thus permitting selective base composition. For example, the presence of adenine in only one strand and thymine in the other allows for the quick and quantitative monitoring of leading-and lagging-strand synthesis. Likewise, the number and location of the primase recognition sites can be determined.
In a minicircle containing all the T7 replication proteins, leading-and lagging-strand syntheses proceed at equal rates (159, 228) , a striking observation in view of the difference in complexity of the synthesis of the two strands. Coordinated DNA synthesis on the minicircle yields a continuous leading strand of greater than 10 kb (159, 228) . Lagging strands consist of multiple Okazaki fragments, with an average length of 1000 nt. A distinguishing feature of the coordinated synthesis is the presence of a lagging-strand replication loop containing dsand ssDNA with a combined average length of 2000 nt (228, 229) . The double-stranded portion of the replication loop represents the nascent Okazaki fragment. The relatively constant size of the Okazaki fragments is interesting because a primase recognition site would be exposed every 40 bp, yet the Okazaki fragments are all greater than 500 nt. The synthesis of each Okazaki fragment is initiated by the synthesis of an RNA primer by the gp4 primase at specific recognition sites. In the absence of a primase recognition site on the minicircular template, no lagging-strand synthesis occurs. The number of recognition sites on the template does not affect the size of the Okazaki fragments.
Single-Molecule Analysis of the T7 Replication Fork
How does lagging-strand DNA synthesis keep pace with leading-strand DNA synthesis? One of the slowest events on the lagging strand is the synthesis of primers that, in the 6 s required for their synthesis, would lead to an accumulation of several hundred nucleotides of leadingstrand DNA. Does primer synthesis occur during the synthesis of an Okazaki fragment or does it await the completion of an Okazaki fragment? What triggers the release of a replication loop? A collision model (63, (230) (231) (232) predicts the release of the loop when a nascent Okazaki fragment is finished and collides with the previously synthesized Okazaki fragment. In the signaling model (221, 228, (233) (234) (235) , the synthesis of a new primer would trigger the release of the loop. The stochastic and sequential nature of the many enzymatic processes involved in replication quickly results in the loss of synchronization among a population of reactions. Single-molecule techniques provide a solution for this limitation as they permit real-time observation of enzymatic events at the single-molecule level. Single-molecule techniques have been used in the T7 DNA replication system to address the temporal control of the activities within the replisome.
Leading-strand synthesis, mediated by single T7 gp5/trx and gp4 molecules, has been reconstituted and monitored in real time (4) . In these experiments, lagging-strand synthesis was initiated by the addition of ATP and CTP to a reaction in which leading-strand synthesis was progressing on a phage λ DNA molecule of approximately 50 kb (4). Upon activation of primer synthesis, a transient pause of leadingstrand synthesis of approximately 6 s occurs. The duration of this pause is in a good agreement with the slow kinetics of primer synthesis, measured by bulk-phase assays (179, 180) . This transient pausing of leading-strand synthesis indicates that primer synthesis activates a molecular brake that prevents leading-strand synthesis from outpacing lagging-strand synthesis. Below we speculate on the role of the trans mode of primer synthesis in halting helicase movement. In E. coli, the physical association of DnaG primase with DnaB helicase is sufficient, at least in the absence of SSB protein, to cause a cessation of leading-strand DNA synthesis (78) . Both leading-and lagging-strand synthesis have been reconstituted in the T7 replication system. Under conditions in which synthesis is coordinated, multiple cycles of replication loop formation and release are observed (156a). This real-time observation of the replication loop allows the construction of the time line of events that leads to loop formation and release (see below).
Timing Mechanism of Replication Loop
Two models have been proposed for the release of the replication loop during each cycle of Okazaki fragment synthesis. Two movie clips depict these two models in cartoon format. Follow the Supplemetary Material link from the Annual Reviews home page at http:// www.annualreviews.org. In the collision model (Figure 8) , the encounter of the laggingstrand DNA polymerase with the 5 -terminus of the previously synthesized Okazaki fragment triggers dissociation of the polymerase and subsequent loop release. In support of this model, T4 DNA polymerase and E. coli DNA Pol III holoenzyme dissociate when they encounter a 5 -terminus while extending a primer on ss-DNA (63, (230) (231) (232) . The second model, the signaling model (Figure 9) , proposes that the synthesis of a primer signals the release of the replication loop even if the nascent Okazaki fragment is not yet completed. Several lines of evidence support this model. Gel and electron microscopic analysis show the existence of gaps of ssDNA between Okazaki fragments produced by the T4 replisome, indicating the release of replication loops containing nascent Okazaki fragments (233, 234) . Furthermore, the size of Okazaki fragments produced by the E. coli, T4, and T7 replisomes is influenced by the activity of the primase (221, 228, 233) . Varying the concentration of ATP and CTP
Okazaki fragment
Figure 8
Collision release of the replication loop. In this frame from an animation by Steve Moskowitz at Advanced Medical Graphics, the lagging-strand polymerase is in the process of releasing the completed Okazaki fragment as a result of its collision with the 5 -end of the previously synthesized Okazaki fragment. results in changes in the size of Okazaki fragments (221, 228, 233) . Okazaki fragments size is sensitive to primase-helicase interactions in E. coli (235) and dependent on the concentration of two important components for the laggingstrand synthesis by the T4 replisome, the clamp and clamp loader (233) .
To understand the molecular mechanisms underlying replication loop dynamics, coordinated leading and lagging synthesis in the T7 system has been observed at the singlemolecule level (156a) . These studies show that leading-and lagging-strand synthesis proceed at identical rates during Okazaki fragment synthesis. They also reveal a lag time separating replication loops, indicating that intermediate steps are necessary for the formation of a new replication loop. These studies demonstrate that both the collision and signaling mechanisms occur in the T7 replication system and thus account for the maintenance of a relatively constant size of Okazaki fragments. In the signaling mechanism, the condensation of the first nucleotide to yield pppAC results in release of the loop. The subsequent extension of the dinucleotide to the functional tetranucleotide takes www.annualreviews.org • Motors, Switches, and Contacts in the ReplisomeNa sc en t O ka za ki fra gm en t
Figure 9
Signaling release of the replication loop. In this frame from an animation by Steve Moskowitz at Advanced Medical Graphics, the lagging-strand polymerase is in the process of releasing the nascent Okazaki fragment as a result of signaling by the primase upon synthesizing a dinucleotide (circle) at a primase recognition sequence.
place after loop release. In the collision mechanism, the replisome releases the replication loop upon completion of the nascent Okazaki fragment. In this case leading-and laggingstrand syntheses are uncoupled, with leadingstrand synthesis proceeding to allow the primase to search for its recognition sequences.
Single-molecule techniques show that primer synthesis is a stochastic process with a certain probability of the primase recognizing and using a priming sequence during its scanning of the lagging strand (4). The stochastic nature of primase activity poses a challenge to coordinating the timing of primer synthesis with the release of the replication loop. If the primase synthesizes pppAC at a recognition sequence prior to collision with the previous Okazaki fragment, the replication loop is released. If the primase fails to find a recognition sequence before synthesis of the nascent Okazaki fragment is completed, collision of the nascent Okazaki fragment with the previous one will trigger the release of the replication loop. The primase searching process can continue as leading-strand synthesis progresses. The size of Okazaki fragments detected by bulk phase assays are distributed randomly with an average length of 1000 nt. Electron microscopic analysis of Okazaki fragment distribution within individual replisomes in the T4 system shows a random distribution (229) , in agreement with the results for the T7 system. The operation of both the signaling and collision mechanisms provides an elegant mechanism for the replisome to deal with the stochastic nature of primer synthesis. The signaling mechanism results in synthesis of a primer prior to the completion of an Okazaki fragment, giving rise to a shorter subsequent Okazaki fragment. The collision mechanism releases the replication loop at its mature size, followed by accumulation of ssDNA template as a result of the primase searching process, resulting in a larger subsequent Okazaki fragment.
The molecular mechanism by which the primase triggers loop release remains elusive. Primases from E. coli and its bacteriophages T4 and T7 all interact with their cognate DNA helicase, and these complexes are most likely the functional arrangement in vivo (206) . In E. coli and T4, the primase and helicase are encoded by separate genes (206) , but they form a complex with a stoichiometry of 3:1 primases per hexameric helicase in E. coli (209) and 6:1 in T4 (122, (225) (226) (227) . In T7, the two proteins are covalently attached. However, a stoichiometry similar to E. coli is possible. In phageinfected cells, two molecular-weight forms of gp4 exist in equal amounts (88) . The fulllength 63-kDa gp4 has both helicase and primase activity, but the 56-kDa form lacks the zinc-binding motif and hence primase activity. If the two forms alternate in vivo, then a stoichiometry of three primases per helicase hexamer would be achieved in T7 as well. Interactions between neighboring primase subunits within the helicase-primase complex play an important role in the primase activities of E. coli, T4 and T7 (110, 111, 213, 226) . In the T7 system, the zinc-binding motif of a primase can recognize sequence in DNA with the actual condensation of nucleotides to create the primer occurring within the catalytic domain of an adjacent primase (trans synthesis) in the hexameric helicase-primase (110) (Figure 7) . Evidence suggests that the condensation of the first two nucleotides may occur in the cis mode, whereas the extension to the tetranucleotide occurs in the trans mode (111) . We speculate that the transition between these two primase states triggers a conformational change within the helicase domain, resulting in the release of the replication loop from the lagging-strand polymerase. This trans mode of primer synthesis is also proposed to mediate the pausing of the helicase during primer synthesis.
The replicating DNA polymerase can exchange with DNA polymerase in solution without interfering with the overall processivity of DNA synthesis (44, 126) . A similar exchange of DNA polymerases has been shown to occur in the T4 replisome (236) . Recent work in the E. coli system suggests there may be three DNA polymerase cores at the replication fork, where one functions for leading-strand and the other two for lagging-strand synthesis (52) . A possible scenario for the signaling mechanism release of the replication loop in T7 is the dissociation of the lagging-strand polymerase from the helicase, followed by the binding of a polymerase from solution to the helicase and the subsequent use of the newly synthesized primer for synthesis of the next Okazaki fragment. In this case, after the loop is resolved-the synthesizing polymerase could remain bound to the nascent Okazaki fragment to complete its synthesis. Indeed, electron microscopic studies have demonstrated the existence of T4 DNA polymerases filling the ssDNA outside the replication loop (234) . Departure of the lagging-strand polymerase from the replisome with the nascent Okazaki fragment would provide a simple solution to filling the ssDNA gaps that result from primase-induced replication loop release. This scheme would also provide a mechanism for bypassing the timing required for the lagging-strand polymerase to recycle from a completed Okazaki fragment to a new primer.
SUMMARY POINTS
1. Replisomes are the protein assemblies that replicate DNA. They act as molecular motors to catalyze template-mediated polymerization of nucleotides, unwinding of DNA, the synthesis of RNA primers for the lagging-strand polymerase, and for the assembly of proteins on DNA.
2. Nucleotide selection and movement of the polymerase, binding of the processivity factor, unwinding of DNA by the helicase, and RNA primer synthesis all require protein contacts and conformational changes.
3. The stable interaction of the helicase with the DNA polymerase during leading-strand synthesis dramatically increases the processivity of nucleotide polymerization.
4. Lagging-strand synthesis is mediated by a replication loop whose formation and resolution is dictated by switches to yield Okazaki fragments of uniform size. The completion of the nascent Okazaki fragment or of primer synthesis can release the loop and reset the cycle of Okazaki fragment synthesis.
5. Lagging-strand synthesis requires multiple steps: recognition of primase sites, primer synthesis, transfer of primer to the polymerase, Okazaki fragment synthesis, dissociation of the polymerase, primer removal, and ligation. Yet both strands are synthesized at identical rates, controlled by a molecular brake that halts leading-strand synthesis during primer synthesis.
6. The helicase serves as a reservoir for polymerases that can exchange with the replicating DNA polymerases in the event that they dissociate during synthesis. Consequently they increase the overall processivity of fork movement.
FUTURE ISSUES
Although considerable progress has been made in understanding the complex process of DNA replication in prokaryotic cells, there remain large gaps in our knowledge. Whereas the crystal structures of the individual proteins of the replisome have provided valuable information, the acquisition of structures of these proteins in complex with one another and with DNA has been difficult. A snapshot of the entire replisome assembled at a replication fork is a much-desired goal. Single-molecule techniques have provided novel information, not obtainable by ensemble studies, on the processivity of the polymerase, helicase, and replication fork and on the coordination of leading-and lagging-strand synthesis. Further developments in this area should resolve the mechanism by which the replication loop is resolved and determine if the lagging-strand DNA polymerase is recycled from a completed Okazaki fragment to a new primer or if a new DNA polymerase is transferred from the helicase to the primer. The existence of heptameric and hexameric helicases in solution, but of only a hexameric helicase bound to ssDNA, suggests a ring-opening mechanism for their assembly onto DNA. What triggers the release of a subunit? Presumably an unidentified contact with the DNA triggers this event. A reasonable model for the molecular event that provides for movement of the helicase on ssDNA has emerged from studies of several sources. However, it is not known how the binding and the hydrolysis of the nucleoside triphosphate in the nucleotidebinding site are transferred to the distal central core through which the DNA passes. The DNA helicase and polymerase form a stable complex for leading-strand synthesis, but it remains to be shown that this is also true for the lagging-strand polymerase. In any case, the interaction that leads to this stable complex remains to be determined.
The DNA primases warrant considerable further study. The mechanism by which the primase recognizes a trinucleotide sequence in ssDNA remains unknown. The transfer of the primer to the polymerase must involve a primase-polymerase interaction that has not yet been identified. Most interesting is the communication of the primase with the helicase where primer synthesis halts leading-strand synthesis, presumably by stopping helicase movement. Primer synthesis results in release of the replication loop, but the molecular interactions that trigger the release are not known. It is likely that the arrangement of the primase on the hexameric helicase plays a pivotal role in the regulation of these activities, perhaps involving the ability of the zinc-binding motif of one primase to act in trans with the RNA polymerase core of another subunit.
Current studies in the T7 system have not yet addressed the multiple interplays between several of the replication proteins. Particularly intriguing are the C-terminal tails of the gene 4 protein and the ssDNA-binding protein. Both are highly acidic, and both have an essential C-terminal phenylalanine. The binding sites on the polymerase for both of these proteins appear to be similar if not identical, thus raising the possibility of competing interactions that modulate their activities. In the case of the ssDNA-binding protein the C-terminal tail may mimic DNA and compete with DNA for the DNA-binding crevice of the protein.
